INTRODUCTION
The global-mean surface air temperature has increased by 0.6°C±0.2°C during the last 100 years [1] . In the Korea peninsula, mean temperature has increased by approximately 2°C from 1992 to 2004 [2] , showing that the average temperature increase was higher in Korea compared to global surface temperatures. Heat stress (HS), a combination of high temperature and humidity, is a major factor that can negatively affect growth performance, milk production, reproduction, feed intake, overall health, and the well-being of cattle [3, 4] . The endocrine system, associated with heat and energy metabolism, is altered under HS conditions [5] . For example, the levels of glucocorticoids and catecholamines associated with adaptation to HS are increased upon heat exposure [6] . In cattle, catecholamines activate sweat glands [7] . Glucocorticoids may control vasodilation to assist heat loss and produce a stimulatory effect on proteolysis and lipolysis [8] . These hormonal imbalances can affect energy metabolism and allow cattle to utilize more energy for maintaining homeostasis. Therefore, providing additional energy to animals may help offset the reduction of intake [9] .
Glycerol has been used as an additional energy source for cattle to enhance growth performance and nutrient digestibility [10] . Glycerol-supplemented cows have been found to have higher concentrations of plasma glucose, and lower concentrations of plasma beta-hydroxybutyrate and urine ketones, suggesting an improvement in net energy availability [11] . Glycerol supplementation in an early lactation dairy cow was shown to increase milk yield with no subsequent decrease in metabolic status [12] . It has been suggested that the addition of dietary glycerol and a direct-fed microbial could improve milk yield in dairy cows subjected to HS [13] .
To the best of our knowledge, limited information is available regarding the effects of dietary glycerol addition on animal performance and metabolic parameters in beef cattle during hot weather. We performed this study to examine whether ambient temperature and replacement of portions of corn sources with dietary glycerol in iso-energy levels affect growth, feed efficiency, blood metabolites, and immune cell populations in Korean cattle steers.
MATERIALS AND METHODS

Animals and feeding trial
All experimental procedures involving animals were approved by the Seoul National University Institutional Animal Care and Use Committee (SNUIACUC), Republic of Korea, and conducted in accordance with the Animal Experimental Guidelines provided by SNUIACUC.
The study was conducted at the University Animal Farm of the College of Agriculture and Life Sciences, Pyeongchang Campus of Seoul National University, South Korea. Twenty Korean cattle steers with an average age of 14.2±0.15 months and weight of 405.1±7.11 kg were used. Steers have been fed a commercial growing stage concentrate diet using an automatic feeding station (DeLaval Alpro system, DeLaval, Sweden) and a timothy with conventional feeding program. Water was provided freely. From two weeks before experiment, all animals were fed an experimental control concentrate diet (approximately 1.6% of body weight [BW] per animal) and a timothy (approximately 0.75% of BW per animal). Steers were assigned into one of 2 treatments (control and glycerol concentrate diet group). The glycerol-added diet was made by adding 99.7% purified glycerol (Palm Oleo SDN. BHD., Selangor, Malaysia)-adsorbed ground wheat to give final 2.0% glycerol during pelleting process of a concentrate diet. A portion of corn sources (ground corn, corn flour, corn gluten feed) of control diet were replaced by glycerol to give iso-energy content between control and glycerol diet. The diet formulation and chemical composition of the experimental diets are shown in Table 1 . Experimental feeding periods 1 (P1) and 2 (P2) were 4 weeks in duration (July 28th to August 26th and August 27th to September 26th, respectively). During feeding trial, steers were fed a concentrate diet (1.6% of BW per animal) using an automatic feeding station and a timothy hay (approximately 0.75% of BW per animal). Daily feed intake of a concentrate diet was recorded automatically online using a computer with the DeLaval Alpro system. Equal amounts of hay were provided twice a day (8 am and 6 pm), and residual hay was weighed before the morning feeding. Samples of concentrate and hay were collected weekly and stored until analysis. BW was measured at 9 am before the feeding at start date and at 4 and 8 weeks after experiment.
Analysis of chemical composition The chemical composition (dry matter [DM], crude protein [CP], ether extract [EE]
, ash, Ca, and P) of the concentrate diet and timothy hay was determined using the [14] . The neutral detergent fiber and acid detergent fiber contents were analyzed using the sequential method with the ANKOM200 Fiber Analyzer (Ankom Technology Corp., Macedon, NY, USA) and reagents.
Blood collection and measurement of ambient temperature and rectal temperature Blood was collected at 08 to 10 am, four times (July 28th, August 11th, August 26th, and September 26th, 2014) after a 9 h fast. Blood was collected by jugular venipuncture with both a nonheparinized vacutainer (20 mL; Becton-Dickinson, Franklin Lakes, NJ, USA) and ethylenediaminetetraacetic acid-treated vacutainer (20 mL). Both serum and plasma were separated by centrifugation at 1,500 g at 4°C for 15 minutes, and stored at -80°C until analysis.
The ambient temperature and relative humidity at the experimental farm were recorded at 1 h intervals using three HOBO data loggers (Onset Computer Corp., Cape Cod, MA, USA), and monthly average values of minimum, mean, and maximum temperatures, in combination with humidity, were calculated using daily data. From the automatic recording of the temperature and humidity data, the temperature-humidity index (THI; modified from [15] ) was calculated as previously described [16] . A roof covered the experimental farm and both side doors were closed. Therefore, the effects of rain, direct sunlight and wind could be discounted, and both humidity and temperature were major factors in the climatic conditions.
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Blood analysis
The blood serum was used for metabolite analysis. Reagents to analyze glucose, triglyceride, high-density lipoprotein (HDL), low-density lipoprotein (LDL), cholesterol, albumin, calcium, magnesium, and phosphorus were purchased from JW Medical (Seoul, Korea). The analytical reagents for non-esterified fatty acid (NEFA) were obtained from WAKO (Osaka, Japan). All of these items were analyzed using an automated chemistry analyzer (Hitachi 7180; Hitachi, Tokyo, Japan). Plasma cortisol was analyzed using a cortisol salivary HS enzyme-linked immunosorbent assay kit (cat. no. SLV4635; DRG Instruments, Marburg, Germany). All of the analysis methods were verified in our laboratory, as previously reported [17] .
Immune cell analysis
The whole blood was used for analysis immune cell populations.
Immune cell populations were measured as previously described [17] . Briefly, a 100 μL aliquot of whole blood was treated with 1 mL of Becton-Dickinson lysing buffer (Becton-Dickinson & Company, Franklin lakes, NJ, USA), and total cell numbers were counted using a TC10 automated cell counter (Bio-Rad, Hercules, CA, USA). The granulocyte: lymphocyte ratio, identified by flow cytometry using the forward scatter and side scatter settings [18] , was calculated as a percentage of total cells. Leukocytes (5×10 5 cells), stained with anti-bovine CD14-FITC and MHC class II DQ-PE antibodies for monocytes and B cells, respectively, and CD4-Alexa647 and CD8-PE (AbD Serotec, Raleigh, NC, USA) for T cells, respectively, for 15 min at 4°C, were analyzed by flow cytometry (Becton-Dickinson, USA) and FlowJo software (TreeStar, Ashland, OR, USA). T cells were analyzed with CD4 or CD8 single positive among lymphocytes.
Statistical analysis
Climate data differences between months were analyzed using an one-way analysis of variance (ANOVA). Differences in growth performance and rectal temperatures, by dietary treatment and month, were analyzed using a two-way ANOVA. The repeated- 
Growth performance
The daily concentrate diet intake was lower (p<0.001) in August compared to that in September (Table 3 ). In our study, the daily allowance of concentrate diet was set at 1.6% of BW, and was adjusted each month based on BW. Thus, the higher concentrate intake simply reflects the increased concentrate allowance corresponding to a higher BW in September, compared to August. Daily forage intake did not differ between months. Glycerol addition did not affect concentrate diet or forage intake during all experimental periods. Glycerol addition did not affect concentrate/forage intake ratio and CP and crude fat (EE) intake. The ratio in September was higher (p = 0.014) than in August because amount of the concentrate diet supply in September was increased based on BW, whereas forage supply was fixed. The CP and crude fat intakes in September were higher (p<0.001) than in August because total DM intake was higher in September than in August. Our primary purpose was to test whether glycerol addition instead of corn sources with iso-energy levels improves glucose metabolism under hot temperature, thereby improving growth performance. As described in below, glycerol addition did not change blood glucose concentrations. Glycerol addition did not also affect average daily gain (ADG) or feed efficiency (Table  3) . One of reason for no effects of glycerol addition on glucose metabolism and growth performance is probably that Korean cattle was not affected by HS during August because growth performance during August at higher THI was better than September. Another possible reason for no improvement of growth performance is that glycerol diet contained iso-energy levels as control diet. Previously, supplementing of a 50:50 mixture of molasses:crude glycerol increased ADG in Angus crossbred heifers consuming Bermuda grass hay, although it did not affect feed efficiency [19] . The ADG and feed efficiency were higher (p≤0.03) in August compared to those in September. There was no interaction of diet x month for feed intake and ADG. Our results were not consistent with previous studies, which have shown decreases in ADG and feed efficiency at high THI conditions [3] . It is probable that, in our study, the average maximum THI in August and September was within the mild HS range and threshold range, respectively, according to the THI categories reported by [20] for lactating dairy cows. Therefore, Korean cattle may not suffer from HS within this THI range, probably more tolerant for HS than Holstein dairy cattle. The THI HS range of Korean cattle and other beef cattle has not yet been established. Other variables, such as genetic factors, diet and age, may affect the growth performance of cattle [21] . In our study, there was a 1-month difference in cattle age between August and September; however, it appeared that this difference did not significantly affect ADG and feed efficiency.
The rectal temperature of steers was higher (p<0.01) in August than in September, but glycerol addition did not affect rectal temperature (Table 3) . Rectal temperature is a typical index of deep body temperature. A higher rectal temperature is associated with higher metabolic heat production in cattle [22] .
Blood cortisol and metabolites
Blood was collected on July 28th, August 11th, 27th, and September 26th, and the respective THI was 79.9°C, 72.2°C, 72.6°C, and 65.3°C, which was within "moderate HS", "mild HS", and below "threshold" ranges, respectively. Neither month nor diet affected blood cortisol concentrations (Figure 1) . Consistent with our results, Johnson et al [23] reported that temperature did not affect blood cortisol concentrations. However, HS was accompanied by an increase in blood cortisol concentration in another study [24] .
Blood triglyceride and NEFA concentrations did not differ between months, and were unaffected by glycerol addition (Figure 1) . Previous studies have also demonstrated no changes in ruminant plasma NEFA concentrations by climate conditions [25, 26] . Blood glucose concentrations were not affected by glycerol addition (Figure 1) . Glycerol is mainly fermented to volatile fatty acids by rumen microbes, absorbed, and entered in the glucogenic pathway [27] . Therefore, our glycerol addition levels seemed to be not enough for increasing blood glucose concentrations in glycerol group. Blood glucose concentrations were lower on July 27th than on August 27th and September 26th (Figure 1) . Our results were consistent with previous studies, which showed lower plasma glucose levels during a high-temperature period [25, 28] . Decreased blood glucose under hotter conditions can be explained by several factors, including increased cost of thermoregulation, the negative effect of heat on gluconeogenesis, and endocrine acclimation [28] . Hassan and Roussel [29] reported that an increased respiration rate under high THI conditions can cause rapid utilization of blood glucose by respiratory muscles, thereby resulting in decreased blood glucose. Febbraio [30] reported that hepatic glucose output was elevated, but with decreased blood glucose levels in hot conditions, and suggested that glucose becomes a primary energy source for heat-stressed animals.
Blood cholesterol, LDL and HDL concentrations were higher on August 27th and September 26th, compared to those on July 28th, but were not affected by glycerol addition (Figure 1 ). Maximum THI on September 26th and July 28th was 65.3 and 79.9, respectively. Our study revealed that cholesterol, LDL and HDL concentrations were lower under high THI conditions. Ronchi et al [25] reported that lower blood cholesterol results from increased lipid utilization by peripheral tissues. In a chicken experiment, heat exposure was shown to decrease lipoprotein [31] . In addition, Faylon et al [32] suggested that HS has a direct effect on the regulation of lipolysis. Collectively, our results suggest that ambient THI may affect lipoprotein metabolism.
Blood albumin concentrations were higher on September 26th and August 27th than on July 28th, but these were not affected by glycerol addition (Figure 1 ). Perk and Lobl [33] reported that the albumin fraction of plasma is responsible for most of the effective osmotic pressure. At high THI conditions, cattle exhibited increased sweating and a high respiratory rate [34] . In this situation, cattle lose more water, as well as anions contained in sweat, through panting and sweating [9] ; furthermore, heatinduced dehydration causes an imbalance in plasma osmolality [8] . Thus, in our study, low albumin concentrations at the highest THI condition may be a consequence of physiological activity aimed at maintaining blood osmolality.
Blood phosphorus, calcium and magnesium concentrations were higher on September 26th and August 27th than on July 28th, but these were not affected by glycerol addition, except for the phosphorus concentration on September 26th, which was higher in the glycerol group compared to the control group (Figure 2) . Lower blood magnesium levels under higher THI conditions may result from increased utilization of Mg for lipolytic enzymes and a decrease in Mg transport through the rumen [35] . Previously, phosphorus and calcium levels were shown to decrease at high ambient temperatures [36] . Therefore, lower phosphorus and calcium levels under high THI conditions may be caused by a decrease in the retention ability of phosphorus and calcium, to maintain blood mineral balance in response to a loss of potassium due to increased sweating.
Immune cells
The granulocyte to lymphocyte blood ratio did not differ between months, and was unaffected by glycerol addition ( Figure  3 ). The heterophil granulocyte to lymphocyte ratio has been previously used as an indicator of stress [37] , and McFarlane and Curtis [38] reported that the heterophil granulocyte to lymphocyte ratio in chickens was raised during HS conditions. Hyperthermia and the consequent increase in cortisol secretion can suppress cell-mediated immunity by influencing the T-helper (Th) 1/Th2 ratio, with downregulation of Th1 cytokines in favor of Th2 cytokine secretion [39] . In our study, blood cortisol levels were unchanged. Therefore, an unaltered granulocyte to lymphocyte ratio may reflect a lack of blood cortisol differences related to climate conditions. Percentages of CD4 + T cells and CD8 + T cells were higher (p<0.05) on July 28th than on August 27th and September 26th (Figure 3 ). Glycerol addition decreased blood CD8 + T cell population during late July and mid-August. However, it did not affect other blood immune cell populations. Currently, no information is available regarding the effects of HS and/or glycerol addition on CD4 + and CD8 + T cell populations. Further research is required to understand changes in T cell populations by HS in beef cattle.
CONCLUSION
The maximum indoor ambient THI in August (75.8) was higher than that in September (70.0), and the maximum August THI was within the mild HS category range reported for dairy cattle. Growth performance was not associated with climate conditions, since the ADG and feed efficiency were higher in August than in September, and blood cortisol concentrations did not change between months. Blood cholesterol, LDL, HDL, glucose, albumin, phosphorus, calcium and magnesium concentrations were lower during the hot conditions of August 27th conditions than in September. Glycerol addition did not affect the growth performance or blood concentrations of these parameters. Mild HS conditions, which have been demonstrated in dairy cattle, may not significantly affect the growth performance of Korean cattle, although some changes in blood metabolic and mineral parameters were detected during hotter months. Further research is warranted to identify HS conditions for reducing growth performance and feed efficiency in Korean cattle. 
